Background: A substantial minority of neurologically normal children with sickle cell disease have lesions consistent with cerebral infarction as seen on magnetic resonance imaging (MRI).
T HE PRESENCE of a structural defect in the brain in patients with sickle cell disease that is without associated neurologic symptoms or evidence of stroke has been termed "silent infarct." These lesions have been found in 17% of the children with sickle cell anemia (HbSS). 1 Some investigators have objected to designating such lesions as silent, in view of their association with various neuropsychological abnormalities, 2, 3 but the terminology persists because stroke is usually defined on the basis of clinical rather than radiological findings. A previous report suggested that the presence of clinically silent brain lesions predicted the development of both new silent lesions and clinical strokes. 4 High maximal mean velocity cerebral artery flow measured by transcranial Doppler (TCD) ultrasonography identifies children at high risk of stroke. 5 Since the high flow velocity is an indirect indicator of either increased volume flow or stenosis in the large vessels, its presence might be expected to identify silent infarcts as well. However, no satisfactory explanation has been presented for the cause of clinically silent brain infarcts, although they may represent a form of small vessel disease of the brain. Data derived from 78 subjects who participated in both the Cooperative Study of Sickle Cell Disease and screening for the Stroke Prevention in Sickle Cell Anemia (STOP) Trial suggested little correlation between silent infarcts as seen on magnetic resonance imaging (MRI) and TCD ultrasonographic velocity. 6 Of 61 subjects who had no abnormalities on MRI screening, 11 (18%) had either conditional (5 subjects) or abnormal (6 subjects) TCD ultrasonographic results. Among 17 patients in whom silent infarction was seen on MRI, only 5 (29%) had a conditional (1 subject) or abnormal (4 subjects) TCD ultrasono- graphic velocity. Thus, discordant results were seen in 23 cases: 12 in which the TCD ultrasonographic result was normal and the MRI abnormal; 11 in which the TCD ultrasonographic velocity was elevated and the MRI showed no abnormality. These data suggest that at least to some extent the 2 tests detect different mechanisms of cerebrovascular disease in sickle cell disease.
The recently concluded STOP trial showed that longterm blood transfusion therapy given to children with high cerebral artery blood flow velocities prevented the occurrence of stroke. 7 A secondary aim of the study was to determine the effect of transfusion therapy on clinically silent lesions seen on MRI. In addition, we examine the related question of whether the combined presence of elevated cerebral artery flow velocity and silent lesions on MRI result in an increased stroke risk compared with those with only an abnormal TCD ultrasonographic velocity for those who do not receive transfusion therapy. Although this was not an original goal of the STOP trial, serial MRI screenings allowed the determination of the rate at which new silent infarcts occurred in children with high cerebral artery flow velocities.
RESULTS

BASELINE LESIONS
One hundred thirty subjects were randomized. Three were excluded from this analysis; 1 had an intracranial hemorrhage at enrollment, 1 did not have an MRI at enroll-
SUBJECTS AND METHODS
SUBJECTS
The STOP Trial has been described in detail. 6, 7 Briefly, the highest time-averaged mean velocity in the internal carotid or middle cerebral artery measured by TCD ultrasonography, was used to classify children with HbSS or sickle-␤ zero thalassemia between the ages of 2 and 17 years for stroke risk. Parents were offered participation in a study comparing the rate of stroke in children who were randomized to either long-term transfusion therapy or observation.
MRI STUDIES OF THE BRAIN
Magnetic resonance imaging studies of the brain were obtained shortly after randomization, annually, and at the time of clinical events. The cranial MRI protocol included axial T1-weighted image spin echo with a repetition time between 400 and 800 milliseconds, and an echo time between 10 and 30 milliseconds. Axial proton density-T2-weighted images used either conventional spin echo or fast (turbo) spin echo images approximately 5 mm thick with a minimal slice gap. Echo time was adequate to produce 2 images, 1 with the cerebrospinal fluid dark and 1 with the cerebrospinal fluid bright with a long repetition time. A coronal proton density-T2-weighted image using the same protocol was required. Lesions were classified using definitions previously outlined. 1 Representative images are provided in the Figure.
Only those subjects who had an MRI of the brain at the time of randomization were included in this analysis. Since the question being addressed was secondary to the study, intention-to-treat analysis was not used; treatment classification was based on actual study experience. Five subjects randomized to the transfusion therapy arm were managed with standard care. The parents of 3 children refused transfusion therapy, another child was not compliant with monthly appointments, and 1 child who developed a delayed transfusion reaction could not be provided phenotypically matched blood.
For this analysis, all 5 of these patients are considered to be in the standard care treatment arm. Studies were read by a panel of 3 neuroradiologists (F.G.M., J.B., and R.Z.) who were unaware of the subjects' clinical status or treatment arm. Two radiologists read each study separately. When readings disagreed, the study was then read by the third radiologist. When annual studies or those obtained at the time of a clinical event were read, they were compared with previously obtained images. Since equipment or imaging programs were upgraded during the course of the study, the quality of later MRI studies was frequently better than those done earlier. As a result, some lesions seen on later studies could, in retrospect, be seen on those previously reported as showing no abnormality. In that case, the earlier result was changed to reflect the latest reading.
Stroke was defined as a clinical event and did not require the demonstration of structural abnormalities on MRI studies. An independent panel of neurologists reviewed clinical data from those children who developed neurologic abnormalities consistent with stroke and determined if it supported that diagnosis.
BIOSTATISTICAL METHODS
Baseline characteristics of patients with and without silent lesions at study enrollment were compared using the Wilcoxon rank sum test. The Fisher exact test was used to determine if the proportion of patients who developed stroke or new or worse silent lesions during the study, among those with silent lesions at baseline, differed in patients who received long-term transfusion therapy when compared with those who received standard care. Some patients who initially received standard care changed to transfusion therapy while others who initially began receiving transfusion therapy subsequently quit treatment during the study. A follow-up MRI from a patient who changed treatment was included in the analysis only if at least 90% of the follow-up preceding that examination was spent in one treatment arm. Proportional hazards regression was used to determine if the risk of stroke varied with the presence or absence of silent lesions at baseline in patients who received standard care during the study. 3 Follow-up was censored when patients started transfusion therapy or at the time of their last MRI if this occurred during the first 36 months on study and they did not start transfusion therapy or sustain a stroke. An exponential survival model was used to determine if the risk of developing new or worse silent lesions varied with the presence or absence of silent lesions at baseline in the same subset.ment, and 1 was ineligible for the study after randomization had been accomplished. Of the 127 remaining subjects, 47 (37%) had silent infarcts. These included 18 of the 56 patients who received long-term transfusion therapy and 29 of the 71 who were managed using standard care. Their baseline characteristics are listed in Table 1 . Those with silent infarcts were significantly older than those who had no abnormalities on MRIs (P=.003). Analyses were unaffected when age was included as a variable.
The anatomical distribution of the lesions is given in Table 2 . A total of 129 lesions were identified at the baseline evaluation of 47 patients. Eleven subjects had 1 lesion, 13 had 2, and 23 (49%) had 3 or more lesions at baseline. Lesions were most common in the deep white matter or the periventricular area in the frontal lobe but almost as frequent in similar locations in the parietal lobe. No lesions were seen in the internal capsule, brainstem, or cerebellum, but 14 occurred in the basal ganglia or thalamus. Seven lesions involved the cortex, although only 2 were exclusively cortical. Lesion size varied with 44 characterized as "small punctate" areas a few millimeters in size, 59 "medium ovoid" (0.5-1.5 cm in largest diameter), and 26 "large" (Ն1.5 cm).
NEW LESIONS
During the 36 months of the study, 12 patients developed new or worse silent lesions and 14 others had strokes. Among those receiving transfusion therapy, one developed a new silent lesion and another had a stroke. Among those receiving standard care, 11 developed new silent lesions and 13 others developed strokes. None of the 18 patients receiving transfusion therapy who had baseline lesions seen on MRI developed new silent lesions or suffered strokes. This contrasts with the 29 with lesions seen on MRI who were given standard care, of whom 6 developed new silent lesions and 9 suffered strokes (PϽ.001) ( Table 3) .
A B
A, Multiple silent lesions in a patient with asymptomatic sickle cell anemia. B, Large right parietal infarct in a patient with sickle cell anemia and a history of stroke. 
MRI AND OUTCOME IN STANDARD CARE PATIENTS
Of particular interest was the outcome of the subjects who received standard care (observation) ( Table 3) . Of the 79 patients assigned to long-term transfusion therapy, 42 showed no abnormalities on MRI at baseline but since 2 had no subsequent MRI only 40 were available for analysis. Comparing those 40 to the 29 patients with silent infarcts, 4 (10%) of 40 suffered strokes compared with 9 (31%) of 29 whose initial MRIs showed abnormalities (P=.02). One patient in each group had a new or worse lesion preceding the occurrence of a stroke. Therefore, there was no significant different in the occurrence of new or worse silent lesions that were seen in 7 (24%) of the 29 who had silent infarct at enrollment and 6 (15%) of the 40 whose initial MRI studies showed no abnormalities (Table 3 ) (P = .24).
COMMENT
The relationship between silent infarct and stroke in HbSS remains unclear. Silent lesions are primarily found in the deep white matter while lesions associated with strokes involve both deep white matter and cortex. 1 For both, the geographic distribution in the brain derives from the carotid rather than the vertebrobasilar circulation. Although those with silent infarcts lack neurologic symptoms commonly associated with stroke, they do have abnormalities seen on neuropsychological testing, on which their scores fall between those who have had strokes and those who show no abnormalities on MRI. 9, 10 The known risk of subsequent neurologic events in children who have had a stroke 11 has led to the hypothesis that any brain infarct indicates an increased risk for progressive brain injury and/or subsequent central nervous system lesions. 11 In one report, among 8 subjects with silent infarcts 3 subsequently experienced a stroke and a fourth developed an additional silent lesion. 4 Because long-term transfusion therapy [12] [13] [14] provides protection against a second stroke, it has been suggested that this intervention should be considered for those with silent infarcts. 15 This study was not designed to evaluate prospectively the outcome of untreated silent infarcts or the possibility that they predict stroke independently of TCD ultrasonographic results. Thus, the detection of increased risk from silent infarct has been difficult. A specified secondary aim of the STOP Trial was to determine the effect of transfusion therapy on the occurrence of new silent infarctions. However, the number of new silent lesions identified during the study was low, owing to sample size and the brief observation period. Subjects who had silent infarcts at study enrollment were significantly less likely to develop new or worse lesions if they received long-term transfusion therapy ( Table 4) . When not transfused, new infarcts occurred in subjects who did not have silent infarct at study enrollment at a rate similar to the new or worse lesions that occurred in those who originally had had silent infarcts (Table 3) . Although the study was not designed to address the question of whether baseline lesions on MRI make an independent contribution to risk of stroke, we found that among those patients who did not receive long-term transfusion therapy, strokes were significantly more likely to occur in subjects who had silent infarcts at baseline than in those whose initial MRI showed no abnormalities (Table 3) . Finally, long-term transfusion therapy prevented the occurrence of stroke and new or worse silent lesions in both groups (Table 3) .
Since our study was limited to those children with an abnormally high TCD ultrasonographic velocity, our data do not allow a determination of whether the presence of silent lesions in children with HbSS with normal TCD ultrasonographic velocity and silent infarct have an increased risk for subsequent infarction. We found that the prevalence of silent infarcts in this population was 37%, approximately twice that found in the natural history study. 1 However, since those patients with elevated TCD ultrasonographic velocities compose 10% of all children with HbSS, our data apply to only 3.7% of children with HbSS. Thus, most children with silent infarcts must have normal or conditional cerebral artery velocities. This inference is supported by observations made on children who participated in both the Cooperative Study of Sickle Cell Disease and STOP trials in which normal flow velocities were found in 12 (71%) of the 17 children who had silent infarcts. 6 A determination of the risk implied by the presence of silent infarct independent of TCD ul- trasonographic normal velocities will require outcome comparisons of children with a range of TCD ultrasonographic and MRI findings.
Our data pertain to the minority (10%) of children with HbSS who have elevated TCD ultrasonographic velocities. However, their importance is underscored by the fact that most strokes are associated with that abnormality. The adverse outcome of children in this study who had silent infarcts in addition to elevated cerebral artery velocity reinforces the need to perform TCD ultrasonography in those children who are initially found to have silent lesions on MRI. Outcome and treatment data are needed from children with low-risk TCD ultrasonography who have an abnormality on MRI to determine if such children would benefit from transfusion therapy.
CONCLUSIONS
Although transfusion therapy prevented most new silent infarcts in this study, the relationship between TCD ultrasonographic velocity and silent infarct as predictors for stroke is complex and further study is needed.
The risk for stroke in children who have both abnormalities is higher than for those with TCD ultrasonographic abnormality alone. Children with both abnormalities should be strongly considered for transfusion therapy prophylaxis. 
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